cells of Cajal (ICC) have important functions in regulation of motor activity in the gastrointestinal tract. In murine small intestine, ICC are gathered in the regions of the myenteric plexus (ICC-MY) and the deep muscular plexus (ICC-DMP). These two classes of ICC have different physiological functions. ICC-MY are pacemaker cells and generate the slow-wave electrical rhythmicity of gastrointestinal organs. ICC-DMP form synaptic connections with the varicose nerve terminals of enteric motor neurons and are involved in reception and transduction of motor neurotransmission. Gene expression underlying specific functions of ICC classes is incompletely understood. In the present study, we used recently developed highly selective techniques to isolate the two functional ICC classes from enzymatically dispersed intestinal muscles by fluorescence-activated cell sorting. The transcriptomes of ICC-MY and ICC-DMP were investigated using oligonucleotide microarray analysis. Differential expression of functional groups of genes defined by standard gene ontology terms was also studied. There were substantial numbers of genes expressed more abundantly in ICC than in the tunica muscularis, and we also detected marked phenotypic differences between ICC-MY and ICC-DMP. Notably, genes related to cell junction, process guidance, and vesicle trafficking were upregulated in ICC. Consistent with their specific functions, metabolic and Ca 2ϩ transport genes were relatively upregulated in ICC-MY, whereas genes for signaling proteins involved in transduction of neurotransmitter functions were relatively upregulated in ICC-DMP. Our results may lead to the identification of novel biomarkers for ICC and provide directions for further studies designed to understand ICC function in health and disease.
MOTOR PATTERNS of the gastrointestinal (GI) tract require the coordinated contractions of the smooth muscle cell component of the organs. One level of coordination comes from the fact that the smooth muscle cells are electrically coupled, and their electrical activity is driven by pacemaker cells known as interstitial cells of Cajal (ICC) that lie in the plane of the myenteric plexus between the circular and longitudinal muscle layers (ICC-MY) (16, 58) . ICC-MY are electrically coupled to each other via gap junctions and form a network of cells that extends around the circumference and along the length of the small intestine (1, 39, 58) . The ICC-MY network is electrically coupled to smooth muscle cells of both layers, providing a low-resistance pathway for the conduction of pacemaker activity to the musculature (9) . ICC-MY possess the ionic conductances necessary to initiate electrical slow waves and to propagate these events actively (cf. Ref. 43) .
A second level of control of GI motor function comes from the intrinsic motor neurons arising from enteric ganglia. Both inhibitory and excitatory motor neurons innervate the muscle layers, and their regulation is superimposed on the ongoing electrical rhythmicity of slow-wave activity. Recent studies have suggested that the bulk of motor innervation in the GI tract occurs via a second class of intramuscular ICC (ICC-IM) lying within muscle bundles (5, 49, 59 ). These cells form synaptic contacts with the varicose terminals of enteric motor neurons (2) . In the small intestine of the mouse, ICC-IM are clustered together within the deep muscular plexus near the submucosal surface of the circular muscle layer and are referred to as ICC-DMP.
ICC comprise a minor component of the tunica muscularis (2-6% of all cells; Ref. 36) , which has made it difficult to isolate ICC for physiological studies to examine their mechanisms of function. ICC of both classes express Kit (CD117), a receptor tyrosine kinase, and these cells are dependent on Kit signaling for their survival and continued functional activity (27, 51, 58) . The expression of Kit has been used widely as a marker for ICC in a variety of species (see Ref. 42 ), but Kit expression alone does not distinguish between the different classes of ICC. Recently, work in our laboratory (7) has exploited the fact that ICC-DMP are engaged in neurotransmission and express neurokinin 1 (NK1) receptors (17, 24) to isolate ICC-DMP from the greater population of Kit-positive cells in cell dispersions from the small intestine. We found that ICC-DMP could be labeled by exposing muscles to Oregon green 488-conjugated substance P (OG488-SP), which is internalized along with the NK1 receptor. Using fluorescently labeled anti-Kit antibodies for ICC identification and uptake of OG488-SP to identify ICC-DMP specifically, we developed flow cytometry (FCM) procedures to analyze the relative quantities of ICC classes and fluorescence-activated cell sorting (FACS) techniques to isolate specific classes of ICC to a high level of purity (7) .
In the present study, we have harvested large numbers of ICC-DMP and ICC-MY cells, using FACS, and have extracted RNA from these cells for microarray analysis of gene expression. We have compared expression patterns in ICC-MY and ICC-DMP to begin to understand the basis for the phenotypic differences in these cells and what makes them unique compared with the whole tunica muscularis tissues. This study 6 ICC-MY cells were recovered from 15 FACS experiments (3 animals per experiment). ICC-MY and ICC-DMP from these experiments were sorted and pooled into three independent samples per ICC class for microarray experiments. Small intestinal tunica muscularis from age-matched BALB/c mice were used as controls (2 independent samples from 3 mice per sample). Total RNA was isolated and purified using Trizol (Invitrogen, Carlsbad, CA) and the RNeasy Mini kit (Qiagen, Valencia, CA), respectively. RNA was quantified and its quality tested using the RNA 6000 Nano assay (Agilent Technologies, Palo Alto, CA). Affymetrix Mouse Genome 430 2.0 microarrays (Santa Clara, CA), which cover most of the transcribed mouse genome (more than 39,000 transcripts targeted by more than 45,000 probe sets on a single array), were used for expression profiling of ICC-DMP (3 microarrays), ICC-MY (3 microarrays), and Genes were considered differentially expressed if the difference was greater than 2-fold and if the Q value (false discovery rate) was Ͻ0.05. Multiple differentially expressed probe sets for 1 gene were counted as 1 gene. Gene ontology terms that were expressed with significant difference (P Ͻ 0.05): BP, biological process; CC, cellular component; MF, molecular function. Note that genes contributing to the significance of a lower term (child) were not excluded from the analysis of its parent(s) and may have contributed to the significance of more than one, hierarchically related term. *Only probe sets with significantly more abundant expression in either interstitial cells of Cajal in the deep muscular plexus (ICC-DMP) or the myenteric plexus (ICC-MY) than in the tissues were included in the comparative analyses between ICC-DMP and ICC-MY.
control tissues (2 microarrays). Two-cycle complementary RNA synthesis and hybridization were performed (Nevada Genomics Center) following the manufacturer's protocols. Microarrays were scanned using an Affymetrix GeneChip 3000 system.
Analysis of microarray data. Analysis was performed using Bioconductor, a publicly available group of software packages. The packages used included Simpleaffy, Limma, Annaffy, and GOstats (14, 31, 45, 46, 62) . Simpleaffy was used to preprocess individual probe intensities from CEL files into expression values from which fold changes were derived using Limma. Robust multiple-array analysis (RMA), which uses quantile normalization for cross-chip normalization, was used to preprocess the data. The main advantage of quantile normalization is that it controls outliers while not significantly reducing sensitivity (18) . Significance of differential expression was determined using an empirical Bayes approach (Limma) for controlling the standard error of intensity of each probe set based on the standard errors of the intensities of all other probe sets in the comparison. After P values were obtained for each gene, they were adjusted using the Benjamini-Hochberg method (3). This method converts P values, which are measures of the false positive rate, into Q values, which are measures of false discovery rate. The BenjaminiHochberg method allows a more direct control of false results while not reducing sensitivity as much as other methods for P value adjustment (3). Annaffy was used to annotate each gene probe set and to tabulate information such as GenBank accession numbers, chromosome locations, and gene ontology terms.
Gene expression was compared between ICC-DMP and intestinal tissues, ICC-MY and intestinal tissues, and ICC-DMP and ICC-MY in terms of fold changes. To determine the significantly different expression, we set the cutoff point of the Q value at 0.05 and the cutoff of the log 2 fold change as either above 1 or below Ϫ1, corresponding to a fold change of 2 or 1/2. Differentially expressed genes were assigned to functional groups by gene ontology programs. GOstats contains a function called GOHyperG that can be used to find gene ontology terms that may be enriched in a subset of genes. It uses an algorithm that detects whether a certain gene ontology term occurs more frequently in the set of genes than it would be expected based on the frequency of its occurrence in the entire genome. For comparisons in terms of gene ontology terms, we used P Ͻ 0.05 as the cutoff point to determine whether the gene ontology term was significantly enriched. Probe sets that contributed to the significant gene ontology terms were then extracted and listed with their log 2 fold change and Q value. For genes with multiple probe sets, only the probe set with the greatest fold change was selected to be listed.
In the present study, the sorted populations of ICC-DMP and ICC-MY cells were expected to have a small degree of contamination from other cell types. FCM analysis of the sorted populations also suggested a somewhat greater degree of contamination of the ICC-DMP than ICC-MY (purity of the harvested ICC-DMP was 94.1 Ϯ 3.45%, and purity of the harvested ICC-MY was 96.4 Ϯ 2.06%).
Differences in contamination between the compared populations could be falsely attributed to differential gene expression by ICC-DMP and ICC-MY if the two populations were directly compared with each other. Therefore, only probe sets with significantly higher expression in either one of the sorted populations than in the control tissues were included in the comparative analyses of ICC-DMP and ICC-MY. This approach was based on the assumption that mRNA species that are more abundant in purified cells than in tissues should be from ICC-DMP or ICC-MY cells but not from contaminating cells. The data discussed in this article have been deposited in the National Center for Biotechnology Information Gene Expression Omnibus (NCBI GEO; http://www.ncbi.nlm.nih.gov/geo/) and are accessible through GEO Series accession number GSE7809.
Quantitative real-time reverse transcription-polymerase chain reaction. The performance of the microarrays and statistical analyses used was assessed using quantitative real-time reverse transcriptionpolymerase chain reaction (qRT-PCR) on selected genes (n ϭ 50) within each GO term category selected for detailed analysis. Gene expression was compared between ICC-DMP and intestinal tissues, ICC-MY and intestinal tissues, and ICC-DMP and ICC-MY, respectively, in terms of fold changes. In the case of cell type marker genes, the qRT-PCR experiments were performed in three independent samples. Technical triplicates were used for the verification of the other genes. Gene expression detected by qRT-PCR was considered Ϫ reverse transcriptase (Invitrogen) in a reaction containing 500 ng of oligo d(pT)18 primer (Invitrogen), 10 mM each dNTP, 5ϫ First-Strand buffer, and 100 mM dithiothreitol, followed by heat inactivation. RNA fragments and potential inhibitors of the PCR reaction were removed using 0.5 l of ribonuclease H (Invitrogen) and the Minelute PCR purification kit (Qiagen, Valencia, CA), respectively. The cDNA reverse transcription product was amplified with specific primers by qRT-PCR using SYBR green chemistry on a 7300 real-time PCR system (Applied Biosystems, Foster City, CA) and the following amplification profile: 95°C for 10 min to activate the AmpliTaq polymerase (Applied Biosystems), followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Transcriptional quantification was obtained relative to GAPDH (a noninducible housekeeping gene). Primers were designed using the Vector NTI 7.1 software (Invitrogen), and the specificity of the primers was tested with the Basic Local Alignment Search Tool (http://www.ncbi.nlm.nih.gov/BLAST/) and by sequencing the PCR products. Nonspecific amplification was determined by omitting the template from the PCR. The primer sequences are listed in Supplemental Table 1 . Statistical analysis was performed using Student's t-tests.
RESULTS AND DISCUSSION
FACS and FCM analysis. ICC-DMP and ICC-MY were sorted and pooled separately for microarray analysis and qRT-PCR. Identification of these cell types was based on their common expression of Kit and their differential expression of functional NK1 receptor protein (Tacr1) as revealed by receptor-mediated internalization of OG488-SP by ICC-DMP but Gene symbol is in bold type if the differential expression was confirmed by quantitative RT-PCR; genes not in bold type were not tested by quantitative RT-PCR. For genes with multiple probe sets, only the probe set with the greatest fold change was selected to be listed. *P value. Differentially expressed genes were assigned to gene ontology terms using the GOHyperG program, which calculates the P value to determine whether the gene ontology term was significantly enriched in a subset of genes. †Number of genes (under the gene ontology term) that were significantly more abundantly expressed in ICC-MY than in tissues. ‡Total number of genes under the gene ontology term in the microarray. Gene symbol is in bold type if the differential expression was confirmed by quantitative RT-PCR; genes not in bold type were not tested by quantitative RT-PCR. For genes with multiple probe sets, only the probe set with the greatest fold change was selected to be listed. *P value. Differentially expressed genes were assigned to gene ontology terms using the GOHyperG program, which calculates the P value to determine whether the gene ontology term was significantly enriched in a subset of genes. †Number of genes (under the gene ontology term) that were significantly more abundantly expressed in ICC-DMP than in tissues.
‡Total number of genes under the gene ontology term in the microarray. Gene symbol is in bold type if the differential expression was confirmed by quantitative RT-PCR; genes not in bold font were not tested by quantitative RT-PCR. For genes with multiple probe sets, only the probe set with the greatest fold change was selected to be listed. *P value. Differentially expressed genes were assigned to gene ontology terms using the GOHyperG program, which calculates the P value to determine whether the gene ontology term was significantly enriched in a subset of genes. †Number of genes (under the gene ontology term) that were significantly more abundantly expressed in ICC-DMP than in tissues. ‡Total number of genes under the gene ontology term in the microarray. §Cell adhesion molecules likely assigned to GO:0004714 on the basis of their association with "vascular endothelial growth factor receptor activity" and "protein amino acid phosphorylation" (inferred from electronic annotation) listed in NCBI Entrez Gene.
not by ICC-MY (7) (see Fig. 1 and FACS and FCM analysis for details). Altogether, 28 FACS experiments were performed for microarray and qPCR experiments. Each experiment used jejunal and ileal tunica muscularis tissues from three mice. Up to ϳ20,000 ICC-DMP and ϳ65,000 ICC-MY cells per small intestine were collected by FACS. FCM analysis showed that the purity of ICC-DMP used for microarray analysis was 94.1 Ϯ 3.45%, and the purity of ICC-MY was 96.4 Ϯ 2.06%.
Gene expression profiling. We summarized the numbers of genes and gene ontology terms that were differentially expressed in ICC-DMP and ICC-MY relative to their source tissues and in ICC-DMP relative to ICC-MY ( Table 1) . As described in Analysis of microarray data, only gene probe sets that were expressed at significantly higher levels in either ICC-MY or ICC-DMP than in the control tissues were included in the comparative analyses of ICC-DMP and ICC-MY genes. The file of complete lists of differentially expressed gene probe sets are provided in Supplemental Table 2 , which serves as a database of comparative transcriptional profiling of ICC-DMP and ICC-MY. In this report we focused on genes that may be related to the specific functional roles of ICC-DMP and ICC-MY. However, these genes represent only a small subset of the entire database of differentially expressed genes.
Expression of cell type markers in sorted ICC-DMP and ICC-MY cells.
The results of the microarray analysis for cell type markers illustrate how the microarray analysis alone may lead to erroneous conclusions. Microarray analysis (Table 2) and qRT-PCR (Fig. 2) showed that the expression of ICC marker Kit was enriched in both sorted ICC-DMP and ICC-MY cells. Although NK1 receptor binding was used as a means to distinguish between ICC-MY and ICC-DMP, implying greater expression of NK1 receptors in the latter cells, microarray analysis failed to detect differential expression of Tacr1 mRNA in ICC-DMP and ICC-MY. Quantitative RT-PCR analysis, however, indicated that expression of Tacr1 was about 20-fold higher in ICC-DMP than in ICC-MY. Thus the lack of a significant difference in the microarray analysis likely represents an instance of a false negative result arising, for Gene symbol is in bold type if the differential expression was confirmed by quantitative RT-PCR; genes not in bold font were not tested by quantitative RT-PCR. For genes with multiple probe sets, only the probe set with the greatest fold change was selected to be listed. *P value. Differentially expressed genes were assigned to gene ontology terms using the GOHyperG program, which calculates the P value to determine whether the gene ontology term was significantly enriched in a subset of genes. †Number of genes (under the gene ontology term) that were significantly more abundantly expressed in ICC-DMP than in ICC-MY.
‡Total number of genes under the gene ontology term in the microarray. §Cell adhesion molecules likely assigned to GO:0019199 on the basis of their association with "vascular endothelial growth factor receptor activity" and "protein amino acid phosphorylation" (inferred from electronic annotation) listed in NCBI Entrez Gene. (2) . In the present study, genes related to cell junctions were more abundantly expressed in ICC-MY than in whole tissue (Table 3) . Gja1, which encodes connexin 43, is a prominent gap junction protein expressed in ICC and smooth muscle cell gap junctions in GI muscles (57) . Several genes related to cell-matrix junctions and adherens junctions were also enriched in ICC-DMP (Table 4) . Lasp1 encodes Lasp-1, a dynamic focal adhesion protein necessary for cell migration and survival in response to growth factors and extracellular matrix proteins (25) . Flnb encodes filamin, which is an actin-binding protein that Gene symbol is in bold type if the differential expression was confirmed by quantitative RT-PCR; genes not in bold font were not tested by quantitative RT-PCR. For genes with multiple probe sets, only the probe set with the greatest fold change was selected to be listed. *P value. Differentially expressed genes were assigned to gene ontology terms using the GOHyperG program, which calculates the P value to determine whether the gene ontology term was significantly enriched in a subset of genes. †Number of genes (under the gene ontology term) that were significantly more abundantly expressed in ICC-MY than in tissues.
‡Total number of genes under the gene ontology term in the microarray.
takes part in focal adhesion and participates in the MAPK signaling pathway. Expression of signal transduction genes in ICC-DMP. ICC-DMP are in close association with the terminals of enteric motor neurons (12, 50, 54, 56, 63, 67) , and these cells play an important role in mediating enteric motor neurotransmission and signal transduction (17, 55, 61) . Previous studies showed that ICC-DMP expressed neurotransmitter receptors and signaling molecules (7, 15, 40) . Most of the receptors that mediate excitatory and inhibitory postjunctional effects in GI muscles are G protein-coupled receptors (41) . In the present study, several genes related to G protein-coupled receptor signaling, such as guanine nucleotide binding protein, and regulators of G protein signaling were found more highly expressed in ICC-DMP than in ICC-MY or in control tissues (Tables 5 and 6 ). Enteric inhibitory neurotransmitters, via their receptor proteins, couple to effector proteins through enhanced cAMP and cGMP synthesis and activation of protein kinases. Thus phosphodiesterases are needed to restore basal levels of cAMP and cGMP, and protein phosphatases are needed to restore prestimulus levels of protein phosphorylation after neural activity. The abundant expression of a variety of protein kinases, phosphatases, nucleotide cyclases, and phosphodiesterases in ICC-DMP (Tables 5  and 6 ) compared with controls is consistent with the role of these cells in mediating postjunctional responses to neurotransmission. Gene symbol is in bold type if the differential expression was confirmed by quantitative RT-PCR; genes not in bold font were not tested by quantitative RT-PCR. For genes with multiple probe sets, only the probe set with the greatest fold change was selected to be listed. *P value. Differentially expressed genes were assigned to gene ontology terms using the GOHyperG program, which calculates the P value to determine whether the gene ontology term was significantly enriched in a subset of genes. †Number of genes (under the gene ontology term) that were significantly more abundantly expressed in ICC-DMP than in tissues.
‡Total number of genes under the gene ontology term in the microarray. Gene symbol is in bold type if the differential expression was confirmed by quantitative RT-PCR; genes not in bold font were not tested by quantitative RT-PCR. For genes with multiple probe sets, only the probe set with the greatest fold change was selected to be listed. *P value. Differentially expressed genes were assigned to gene ontology terms using the GOHyperG program, which calculates the P value to determine whether the gene ontology term was significantly enriched in a subset of genes. †Number of genes (under the gene ontology term) that were significantly more abundantly expressed in ICC-DMP than in ICC-MY. ‡Total number of genes under the gene ontology term in the microarray.
Expression of genes encoding kinase signaling pathways.
Genes encoding members of kinase signaling pathways, phosphatases, and phosphodiesterases were more abundantly expressed in both ICC-DMP and ICC-MY compared with tissues (Tables 5 and 7 ). Development and differentiation of ICC are strongly dependent on stem cell factor (SCF) signaling via Kit, and a plethora of evidence indicates that this signaling mechanism is both necessary and sufficient for the survival of these cells. Therefore, it was surprising that both ICC classes significantly overexpressed several other receptor tyrosine kinases and receptor serine/threonine kinases, including Bmpr1b (bone morphogenetic protein receptor type 1B, upregulated in ICC-DMP), Eng (endoglin, upregulated in ICC-MY), and Epha4 and Pdgfrb (ephrin receptor A4 and platelet-derived growth factor receptor ␤ polypeptide, upregulated in both). The presence of Pdgfrb in both ICC-DMP and ICC-MY is particularly interesting, because Kit and platelet-derived growth factor receptor belong to the same class III receptor tyrosine kinase family and share similar binding sites for downstream signaling molecules. The findings raise the possibility that peptide growth/survival/differentiation factors other than SCF may also play a role in the development, differentiation, and maintenance of ICC, perhaps by modulating the effects of the SCF/Kit signaling pathways.
Neurotransmission receptors expressed by ICC-DMP.
Previous studies showed that ICC-DMP express excitatory neurotransmitter receptors, such as Tacr1, Chrm2, and Chrm3 (tachykinin receptor 1 and muscarinic cholinergic receptor 2 and 3), and inhibitory neurotransmitter receptors, such as Vipr2, P2ry1, and P2ry4 (vasoactive intestinal peptide receptor 2; purinergic receptor P2Y, G protein-coupled 2; and pyrimidinergic receptor P2Y, G protein-coupled 4) (7). Expression of these receptors is fundamental to the role of ICC-DMP in neuromuscular neurotransmission. It is also well known that smooth muscle cells also express a wide variety of receptors for enteric neurotransmitters, and many of the same receptors are expressed by enteric neurons. Our microarray data show that expression of receptor genes by ICC-DMP was not elevated above control tissues. Thus specialization of ICC-DMP does not appear to include overexpression of neurotransmitter receptor transcripts relative to other cell types of the small intestinal tunica muscularis. The specificity of ICC-DMP in neurotransmission may more likely result from the very close synaptic contacts between motor nerve terminals and ICC (2) . Receptors may be clustered to these synaptic structures, as in other synapses, and thus receptor density may be enhanced in postjunctional membranes opposite sites of transmitter release. Gene symbol is in bold type if the differential expression was confirmed by quantitative RT-PCR; genes not in bold font were not tested by quantitative RT-PCR. For genes with multiple probe sets, only the probe set with the greatest fold change was selected to be listed. *P value. Differentially expressed genes were assigned to gene ontology terms using the GOHyperG program, which calculates the P value to determine whether the gene ontology term was significantly enriched in a subset of genes. †Number of genes (under the gene ontology term) that were significantly more abundantly expressed in ICC-MY than in tissues. ‡Total number of genes under the gene ontology term in the microarray. Gene symbol is in bold type if the differential expression was confirmed by quantitative RT-PCR; genes not in bold font were not tested by quantitative RT-PCR. For genes with multiple probe sets, only the probe set with the greatest fold change was selected to be listed. *P value. Differentially expressed genes were assigned to gene ontology terms using the GOHyperG program, which calculates the P value to determine whether the gene ontology term was significantly enriched in a subset of genes. †Number of genes (under the gene ontology term) that were significantly more abundantly expressed in ICC-MY than in ICC-DMP.
Table 10. Genes related to ion channel and ion transport that were expressed more abundantly in ICC-MY than in tissues
‡Total number of genes under the gene ontology term in the microarray. Gene symbol is in bold type if the differential expression was confirmed by quantitative RT-PCR; genes not in bold font were not tested by quantitative RT-PCR. For genes with multiple probe sets, only the probe set with the greatest fold change was selected to be listed. *P value. Differentially expressed genes were assigned to gene ontology terms using the GOHyperG program, which calculates the P value to determine whether the gene ontology term was significantly enriched in a subset of genes. †Number of genes (under the gene ontology term) that were significantly more abundantly expressed in ICC-MY than in ICC-DMP.
Ion channels more abundantly expressed by ICC-DMP. Genes related to Ca 2ϩ transport were enriched in ICC-DMP compared with tissues (Table 8 ). The genes related to ion transport and more abundantly expressed in ICC-DMP compared with ICC-MY include voltage-dependent K ϩ channel Kcnq5 and Na ϩ /Ca 2ϩ exchangers Slc8a1 and Slc8a3 (Table 9) . Kcnq5 is a novel member of the KCNQ family, which controls neuronal excitability by producing sustained voltage-dependent current (M current) in the subthreshold range of action potential initiation in central nervous system (66) . Members of the KCNQ family have been reported to be expressed in GI smooth muscle tissues (35) ; however, the role of KCNQ channels, and specifically Kcnq5, in ICC-DMP is not yet known.
Slc8a1 and Slc8a3 encode isoforms of Na ϩ /Ca 2ϩ exchangers. Slc8a1 Ϫ/Ϫ is embryonic lethal, because the gene product is an integral component of the excitation-contraction coupling mechanism in cardiac muscles (38) . Slc8a3 Ϫ/Ϫ results in multiple defects in neuromuscular transmission at the skeletal neuromuscular junction, and the suggestion was that Ca 2ϩ entering nerve terminals was cleared more slowly in the absence of Slc8a3 (47) . Expression of Slc8a3 has previously been reported to be restricted to brain and skeletal muscles (33) . A recent report (4) suggested that the Na ϩ /Ca 2ϩ exchange may be involved in pacemaker activity in interstitial cells of the urogenital tract, where it functions in the "reverse mode," pumping Ca 2ϩ into cells and driving Ca 2ϩ -activated inward currents. This is unlikely to be the role of Slc8a1 and Slc8a3 in ICC-DMP, because these cells are not pacemaker cells in the mouse.
Differential expression of transient receptor potential (TRP) genes showed that several of these genes were upregulated in ICC-DMP (Table 8 ). Our group (52) has previously reported that TRPC4 has properties that are similar to the pacemaker conductance observed in ICC-MY, and others (20) have suggested that TRPM7 might be responsible for pacemaker currents. These genes were upregulated in ICC-DMP, but neither were elevated in ICC-MY. These observations suggest pacemaker activity is probably not a result of specialized expression of either TRPC4 or TRPM7. Gene symbol is in bold type if the differential expression was confirmed by quantitative RT-PCR; genes not in bold font were not tested by quantitative RT-PCR. For genes with multiple probe sets, only the probe set with the greatest fold change was selected to be listed. *P value. Differentially expressed genes were assigned to gene ontology terms using the GOHyperG program, which calculates the P value to determine whether the gene ontology term was significantly enriched in a subset of genes. †Number of genes (under the gene ontology term) that were significantly more abundantly expressed in ICC-DMP than in tissues.
Ion channels more abundantly expressed by ICC-MY. Previous studies have suggested that a dihydropyridine-sensitive, voltage-dependent Ca 2ϩ conductance may be responsible for the upstroke depolarization of slow waves and for active slow-wave propagation in ICC-MY networks (e.g., Refs. 21-23, 37). Pacemaker activity in ICC-MY is associated with robust Ca 2ϩ entry events that are resistant to block by dihydropyridines (37) . The molecular identity of the channels responsible for Ca 2ϩ entry and active propagation of slow waves has not been determined. In the present study, we found that several voltage-dependent Ca 2ϩ channels (e.g., Cacna1h, Cacna1d, and Cacna1c) and Ca 2ϩ channel ␤-and ␥-subunits were more abundantly expressed by ICC-MY than in ICC-DMP or tissues (Tables 10 and 11 ). Cacna1h and Cacna1d Gene symbol is in bold type if the differential expression was confirmed by quantitative RT-PCR; genes not in bold font were not tested by quantitative RT-PCR. For genes with multiple probe sets, only the probe set with the greatest fold change was selected to be listed. *P value. Differentially expressed genes were assigned to gene ontology terms using the GOHyperG program, which calculates the P value to determine whether the gene ontology term was significantly enriched in a subset of genes. †Number of genes (under the gene ontology term) that were significantly more abundantly expressed in ICC-MY than in tissues.
‡Total number of genes under the gene ontology term in the microarray. Gene symbol is in bold type if the differential expression was confirmed by quantitative RT-PCR; genes not in bold font were not tested by quantitative RT-PCR. For genes with multiple probe sets, only the probe set with the greatest fold change was selected to be listed. *P value. Differentially expressed genes were assigned to gene ontology terms using the GOHyperG program, which calculates the P value to determine whether the gene ontology term was significantly enriched in a subset of genes. †Number of genes (under the gene ontology term) that were significantly more abundantly expressed in ICC-DMP than in tissues.
encode Ca 2ϩ channels that are relatively insensitive to dihydropyridines. Thus these conductances may be functionally important for the propagation of pacemaker activity in ICC-MY. Na ϩ /K ϩ ATPase and Ca 2ϩ ATPase genes were also expressed more abundantly in ICC-MY compared with ICC-DMP or control tissues (Tables 10 and 11) , and Slc8a1 was overexpressed in ICC-MY compared with tissues. These pumps and transporters are involved in restoration of ionic gradients and Ca 2ϩ homeostasis, and all of these functions would be extremely important for pacemaker activity where ionic currents and Ca 2ϩ transients are ongoing, essential events. Abundance of Slc8a1 in ICC-MY is interesting in light of the proposed role for Na ϩ /Ca 2ϩ exchanger in pacemaking (4); however, the role of this exchanger in GI pacemaker function has not been investigated. It is possible that the main function of Na ϩ /Ca 2ϩ exchangers in ICC-MY is cycle-bycycle maintenance of Ca 2ϩ , because these cells undergo prominent transient elevations in intracellular Ca 2ϩ during the course of each slow-wave cycle (37) .
The amplitude of slow waves recorded from smooth muscle cells is highly dependent on the resting membrane potentials of the smooth muscle cells (23) . Studies have recently shown that a pH-and lidocaine-sensitive conductance (TASK), which is a member of the two-pore K ϩ channel family, contributes significantly to maintenance of resting membrane potential and regulation of excitability in GI muscles (8) . In the present study, we found that the expression of Kcnk3 (TASK-1) in ICC-MY was more abundant than that in tissues or ICC-DMP (Tables 10 and 11 ). In the small intestines of W/W v mice, ICC-MY are absent, and membrane potential is depolarized by ϳ9 mV (58) . It is possible that Kcnk3 expression by ICC-MY serves to increase the membrane potential and regulate the excitability of smooth muscle cells in GI muscles.
Mitochondrion genes were more abundantly expressed by ICC-MY. The ion-transporting ATPases and Ca 2ϩ homeostatic transporters in ICC-MY would tend to increase the energy needs for these cells. ICC-MY are often recognized ultrastructurally for their obvious abundance of mitochondria. Mitochondria also are an important organelle in cellular "pacemaker units" that participate in the clocking of pacemaker events (43, 60) . Thus it is important to note that several genes and GO terms related to mitochondria or mitochondrial components and oxidative metabolism were enriched in ICC-MY compared with ICC-DMP. Most genes under these GO terms are related to the tricarboxylic acid cycle and contribute to electron transfer and ATP production (Table 12) . Ca 2ϩ release from intracellular stores via inositol 1,4,5-trisphosphate (IP 3 ) receptors is a well-documented event within the pacemaker cycle in ICC-MY (60) . In contrast to mitochondrial genes, however, IP 3 receptor genes (Itpr1, Itpr2, and Itpr3) were not more abundantly expressed in ICC-MY than in ICC-DMP. This may be due to the fact that IP 3 receptors also play important roles in signal transduction linked Gene symbol is in bold type if the differential expression was confirmed by quantitative RT-PCR; genes not in bold font were not tested by quantitative RT-PCR. For genes with multiple probe sets, only the probe set with the greatest fold change was selected to be listed. *P value. Differentially expressed genes were assigned to gene ontology terms using the GOHyperG program, which calculates the P value to determine whether the gene ontology term was significantly enriched in a subset of genes. †Number of genes (under the gene ontology term) that were significantly more abundantly expressed in ICC-MY than in tissues.
‡Total number of genes under the gene ontology term in the microarray. 
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to activation of a variety of G protein-coupled receptors. Genes encoding other Ca 2ϩ release channels (e.g., ryanodine receptors Ryr1, Ryr2, and Ryr3) also were not more abundantly expressed in ICC-MY or ICC-DMP or in ICC compared with whole tissues. This is not surprising, however, since smooth muscle cells express abundant ryanodine receptors, and there does not appear to be a significant role for ryanodine receptors in the functions attributed to ICC (26) .
Antiapoptotic mechanisms in ICC. It is well established that SCF-Kit interactions are required for the continued survival of functional ICC, although the exact mechanisms have not been determined for ICC. Data from other cell types dependent on SCF-Kit interactions and the current microarray results suggest that control of intrinsic apoptosis may be one important mechanism. For example, mast cells (30) , melanocytes (19) , and a subset of natural killer cells (6) express Kit, and its engagement with SCF is associated with increased expression of Bcl-2, an anti-intrinsic apoptosis protein. In the current microarray results, the expression of Bcl2 is elevated in both classes of ICC (Tables 13 and 14) . Increased Bcl-2 expression can also protect cells by altering the intracellular redox potential and preventing oxidant-induced damage (13) . This is likely critical for the survival of ICC, which are characterized by an abundance of mitochondria and depend on oxidative metabolism for generating electrical slow waves. In addition to Kit-related effects on intrinsic apoptosis, studies of hematopoietic cells have shown that Kit engagement can also block extrinsic apoptosis such as that resulting from Fas-FasL interaction (11, 34) . However, murine genes assigned to the gene ontology term "GO: 0008625: induction of apoptosis via death domain receptors" including Fas or Fasl were not differentially expressed in our data sets, so the link to extrinsic apoptosis is less evident. One important protein regulating extrinsic apoptosis is c-FLIP, and the microarray results indicated that the expression of the c-FLIP gene (Cflar) was not significantly upregulated in either class of ICC. Nevertheless, many other apoptosis-related transcripts were found to be overexpressed both in ICC-DMP and ICC-MY (Tables 13 and 14) . Clearly, the significance of antiapoptotic mechanisms in ICC and their relationship to Kit signaling requires further investigation.
Expression of genes related to process guidance and vesicle trafficking in ICC-DMP and ICC-MY. Both ICC-DMP and ICC-MY cells have long, thin processes, which are one of the major morphological characteristics of these cells. Microarray analysis showed that several genes related to axon guidance or axon cargo transport are upregulated in these cells. This may indicate that process guidance and vesicle trafficking occur in the long processes of ICC, and these genes also may be involved in the establishment of contacts between cell processes to form ICC networks. In addition, genes associated with coated pits also are upregulated in ICC (Tables 15 and  16 ), suggesting that ICC might have endocytotic functions. Previous studies showed that Kit can be internalized (64) , and these genes may encode proteins that take part in internalization/recycling of Kit and other receptors.
Genes highly expressed in ICC-DMP and/or ICC-MY. Microarray analysis disclosed several genes that were greatly enriched in ICC-DMP and/or ICC-MY relative to whole tissues (Table 17) . Expression of the gene for the suppressor of cytokine signaling 3 (Socs3) was significantly elevated in both classes of ICC. Socs3 is upregulated by IL-6, and in turn, Socs3 modulates the signals from the proinflammatory cytokine IL-6 (32, 44, 53) . The results showed that expression of the IL-6 gene (Il6) also was elevated in ICC-MY. IL-6 is not the only way in which Socs3 is upregulated. Sommer et al. (48) recently reported that other receptor tyrosine kinases also can act on Socs3. Thus, in ICC, Socs3 may be involved not only in feedback regulation of IL-6 signaling but also in signaling from the other receptor tyrosine kinases expressed in these cells. Expression of the gene for the neutrophil chemotactic factor KC (Cxcl1) was significantly elevated in both classes of ICC. Under some conditions, IL-6 can increase the expression of Cxcl1 (29) , so there may be a direct relationship between the upregulation of these two transcripts. Of all the transcripts overexpressed in one or both classes of ICC, perhaps the most unexpected is the gene for inducible costimulator (Icos), which was significantly upregulated in ICC-MY but not in ICC-DMP. Icos is a cell surface molecule of the CD28 family of costimulatory receptors that occurs on some T lymphocytes. It is considered to be specific for T cells and has not been reported to occur in nonlymphoid tissue (28) .
Synaptotagmins (Syt) also were highly expressed in ICC-MY. Synaptotagmins are a family of transmembrane proteins thought to function as transducers of Ca 2ϩ signaling in membrane fusion events. Three isoforms (Syt I, IV, and VII) appear to mediate general cell biological functions (10) , and previous studies have suggested that Syt IV is predominantly expressed in the postsynaptic compartment, possibly to mediate an evolutionarily conserved postsynaptic membrane-trafficking pathway (65) . The relatively high expression of Syt4 in ICC-MY may suggest involvement in vesicle-trafficking processes in ICC-MY, e.g., the internalization and recycling of cell-surface receptors.
High levels of expression of several of these genes were verified by qRT-PCR. However, the much lower relative expression of these genes in other cell types in the tunica muscularis does not determine specificity of expression in ICC, and the expression levels of genes are not necessarily related in a linear manner to the expression of proteins. Nevertheless, it is possible that some or many of these highly expressed genes could serve as candidate biomarkers for ICC or for specific classes of ICC. Future studies utilizing immunohistochemical techniques with specific antibodies are needed to explore the specificity of expression of these candidate proteins in ICC. Greatly upregulated expression also may suggest novel specific functions or novel importance of specific pathways in ICC.
In summary, this is the first genome-wide analysis of expression patterns in ICC and in specific classes of ICC found in the murine small intestine. We found quite significant differences in ICC relative to other cells of the tunica muscularis, and there also were many unique features of ICC-MY compared with ICC-DMP that are likely to underlie the different phenotypes and functions of these cells. In all, there were 1,600 genes more abundantly expressed in ICC-DMP and 1,223 genes more abundantly expressed in ICC-MY compared with the tunica muscularis. Some of these transcripts were relatively very highly expressed and may provide new cell-specific proteins to explore as ways to label ICC or that might serve as biomarkers to evaluate the status of ICC in pathological conditions. ICC-MY and ICC-DMP were also surprisingly distinct from each other, and 330 genes were elevated in ICC-MY versus ICC-DMP, whereas 607 genes were elevated in ICC-DMP versus ICC-MY. Again, it may be possible to exploit these differences in the creation of new cell-specific probes for specific classes of ICC, or it may be possible to use cellspecific proteins as biomarkers to evaluate specific damage to one class of cells versus the other in murine models of pathological conditions. Thus the database obtained from these studies (at NCBI) may provide a basis for novel hypotheses in a variety of future studies.
